We present a coherent x-ray diffraction study of the antiferrodistortive displacive transition of SrTiO 3 , a prototypical example of a phase transition for which the critical fluctuations exhibit two length scales and two time scales. From the microbeam x-ray coherent diffraction patterns, we show that the broad (shortlength scale) and the narrow (long-length scale) components can be spatially disentangled, due to 100-m-scale spatial variations of the latter. Moreover, both components exhibit a speckle pattern, which is static on a 10 mn time scale. This gives evidence that the narrow component corresponds to static ordered domains. We interpret the speckles in the broad component as due to a very slow dynamical process, corresponding to the well-known central peak seen in inelastic neutron scattering. DOI: 10.1103/PhysRevLett.98.105501 PACS numbers: 61.10.ÿi, 68.35.Rh, 77.84.Dy Although most issues concerning the application of scaling theory to structural phase transitions have been settled long ago (see, e.g., [1] ), two frequently observed scattering features remain unaccounted for within standard scaling theory: the ''neutron'' central peak (CP) and the ''x-ray'' narrow component (NC). Remarkably, both features were first evidenced in studies of the critical behavior associated with the T c 100-105 K antiferrodistortive transition in the perovskite SrTiO 3 .
Although most issues concerning the application of scaling theory to structural phase transitions have been settled long ago (see, e.g., [1] ), two frequently observed scattering features remain unaccounted for within standard scaling theory: the ''neutron'' central peak (CP) and the ''x-ray'' narrow component (NC). Remarkably, both features were first evidenced in studies of the critical behavior associated with the T c 100-105 K antiferrodistortive transition in the perovskite SrTiO 3 .
The first issue concerns the time scale of the critical fluctuations. While far above T c , the fluctuations time scale is governed by the inverse soft-phonon frequency, a few degrees above T c a narrow central (i.e., zero-frequency) line appears in the inelastic neutron scattering data [2, 3] , whose weight grows critically on approaching T c . Its frequency width is too small to be resolved by neutron techniques [4] , but EPR measurements [5] have set an upper bound of < 0:6 MHz. There is substantial evidence [6, 7] that the CP phenomenon is connected with slowly relaxing or frozen bulk defects, such as vacancies or interstitials, but direct measurements of the relaxation time associated with these defects is still missing.
Beside this second time scale, another unresolved issue concerns the occurrence of a second length scale in the critical fluctuations. As previously mentioned, the structural phase transition in SrTiO 3 has been the first example [8] where a narrow Lorentzian-squared (L 2 ) component in the critical x-ray scattering profiles has been observed close to T c , in addition to the usual and broader Lorentzian (L) component (BC). It is now well established by high resolution x-ray diffraction techniques that critical fluctuations close to structural and magnetic phase transitions involve two distinct pretransitional scattering components [9] , each one corresponding to a diverging length scale, as T approaches T c . Furthermore, it has been shown at least in Ho [10] and SrTiO 3 [11, 12] that the NC is sample dependent, and that its critical behavior is different from that of the BC, with larger critical exponents. The NC component was found to depend on surface preparation [12, 13] , and to arise from a near surface skin region (typically 10 to 100 m thick). This reinforced the conclusion that the NC was somehow connected with surface disorder and many studies concluded that long-range strains localized near the surface were responsible for the occurrence of the NC [11, 12, 14] .
Because of the similarities in the two phenomena, the question arose as to whether the neutron CP was related to the x-ray NC [15] . From a neutron reinvestigation of the critical scattering of SrTiO 3 , it was shown that both phonon softening and CP were needed to account for the x-ray BC [16] . From this result and the absence of NC in the neutron high resolution study, it was concluded that the CP was in fact not correlated with the NC [16] . In both phenomena, however, it is striking that the time scale was never experimentally obtained, first because the NC is absent from the neutron data, and second because the CP energy width is not resolved. This is the reason why we have performed coherent x-ray diffraction (CXD) on the critical scattering of SrTiO 3 .
With the advent of third generation synchrotron light sources, it has become possible to perform x-ray diffraction with a coherent beam [17] , a technique which has since proved to be a powerful tool to probe disordered systems. Indeed, CXD no longer results in smooth ensemble-averaged diffraction patterns but in speckled patterns, which are related to the exact distribution of scatterers within the radiation's coherence volume. Moreover, the temporal evolution of the speckles allows one to access the dynamics of the system, especially in the 1-10 4 s range (see, e.g., [18] The conditions to get a coherent beam were obtained by using 10 m 10 m entrance slits (playing the role of pinhole) 20 cm before the sample. The beam quality and its intrinsic degree of coherence were tested by using 2 m 2 m entrance slits [19] , in order to observe their regular interference fringes in the Fraunhofer regime. Guard slits have been placed after the entrance slits to reduce parasitic slit scattering. The patterns were recorded on a direct illumination CCD camera (20 m 20 m pixel size) located 1.8 m after the sample, yielding a resolution of 4:5 10 ÿ5 A ÿ1 per pixel. We first checked the phase transition characteristics by measuring the scattering around the Q s superstructure reflection as a function of temperature, using a point detector and 20 m 20 m detector slits. The resolution, as determined from the low-temperature half width at half maximum (HWHM) of the Q s superstructure reflection, is 0.002 HWHM (0:9 10 ÿ4 A ÿ1 ). Figure 1 (b) shows a scan at 104 K, in which the BC and NC components are clearly visible. In Fig. 1(b) , the BC has been fitted to a L line shape. The NC, usually fitted to L 2 [11, 12] , was found to be better fitted to a L 1:7 line shape. Finally, Fig. 1(b) shows that the BC and NC are shifted by 0.02 (10 ÿ3 A ÿ1 ). This feature will be discussed later. The peak intensity at the Q s reciprocal position is displayed in Fig. 1(a) . Below T c , a fit to a T ÿ T c 2 power law assuming 0:36, as expected for a 3D-Heisenberg order parameter, yields T c 100 0:2 K, which is consistent with previous studies [11, 12] . Above T c , the behavior of the peak intensity is mainly due to the presence of the NC, which is still visible at least 15 K above the phase transition. The temperature dependence of the BC and NC widths is indicated in Fig. 1(a) , and found to be consistent with previous studies as well [11, 12] .
In order to gain some insight into the NC and BC spatial distribution, we have recorded x-ray diffraction patterns around Q s while scanning the crystal vertical position (z) in 10 m steps, a value which corresponds to the pinhole size. The graphs displayed in Fig. 2 give the patterns integrated intensity as a function of z for temperatures between 110 K and 115 K. These graphs show the presence of 20 to 100 m regions in which the intensity is several times larger than average. We checked these results against mosaic effect by performing the same z scans at slightly different angles. Consistently with these results, increasing the beam size (pinhole) to 100 m made the curves much smoother.
The 2D patterns obtained from the CCD camera clearly explain the origin of these strong variations: the BC is observed for every beam position on the sample [ Fig. 3(a) and 3(c) ], while the NC dominates the scattering 
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105501-2 in the high intensity regions [ Fig. 3(c) ]. In a few BC dominated regions, scans were performed to check for the absence of NC. The maximum intensity of the BC was found to only vary within a factor 2 throughout the z scans, as shown in Fig. 2 . Finally, the intensity variations shown in Fig. 2 were also observed below T c , indicating that the order parameter is more developed in regions where the NC is observed above T c .
Consistently with the -scan measurements, Fig. 3 shows that the maxima of the BC and the NC are not at the same position. The shift is about 10 ÿ3 A ÿ1 in the vertical direction. Although it was not discussed there, a similar shift is also apparent in Fig. 3 of Ref. [11] . Such an effect was also observed close to the first order antiferrodistortive transition in RbCaF 3 [20] . In both compounds, this shows that the NC and the BC originate from regions with different lattice parameters.
This first result gives clear evidence that an inhomogeneous distribution of the NC is observed in the sample, and that it is not the case for the BC. Incidentally, this demonstrates that the NC and the BC can be disentangled by microdiffraction, which illustrates the potential value of this technique to test phase transitions theories.
The second important result of this study is obtained using the coherence properties of our x-ray beam: the 2D patterns obtained around Q s display static speckles on both the BC and NC, as shown in Fig. 3 at T 111 K. This type of speckle patterns was observed in all regions of the sample we have studied. The HWHM of the sharpest speckles is about q 8 10 ÿ5 A ÿ1 , which gives a direct space distance of 2=q 8 m. This shows that the speckles width is dominated by the pinhole size [21] . In Fig. 3 , the patterns have been obtained with 2 mn exposure time. During a longer exposure time of 20 mn, no sizeable evolution of the pattern was observed.
The implications of this observation are different for each of the two components. Concerning the NC, the few speckles observed [see inset in Fig. 3(d) ] are due to the diffraction of a disordered set of quasistatic domains of the low-temperature phase. The average size of these domains is given by the HWHM of the NC envelope curve, which amounts to 2 m at T c 11 K.
Different models have been proposed to explain the occurrence of the NC close to phase transitions. Some are based on the presence of quenched defects, while others consider the phenomenon to be an intrinsic effect [9] . In both cases, however, strain fields are thought to be at the origin of the NC. Considering the absence of NC in large zones of the crystal, it seems very unlikely for the NC to result from an intrinsic effect.
In order to explain the universal character of the NC phenomenon, mechanisms based on long-range strains have been proposed [23] , following Ref. [24] . These models rely on the presence of random bonds and/or a small density of impurities, which make T c dependent on position r through a local compression or expansion of the lattice. Conditions on the T c r correlation function make the transition belong to a ''super-universality-class,'' with critical exponents close to the experimental values. Longrange strains are believed to be due to dislocation dipoles, at least in Ho (Ref. [10] ) and Tb (Ref. [25] ).
Our observations of an inhomogeneous set of quasistatic domains makes the hypothesis of a nucleation of the lowtemperature phase around defects, such as dislocations dipoles, very plausible. This is consistent with the NC position being shifted with respect to the BC one [20] . In this respect, it is noteworthy that the 20 to 100 m regions of existence of the NC are similar in size to the skin thickness reported in Ref. [12] . However, the definitive proof that the NC occurs around dislocations is still missing. Such evidence could have been obtained from a concomitant study of the main Bragg reflections, but the experimental setup did not enable us to keep the same 10 m 10 m zone illuminated during rotations.
The other important observation is the presence of static speckles in the BC patterns at all studied temperatures. In previous studies [16] , the BC x-ray scattering has been shown to be due to the sum of the soft mode and the CP contribution. Soft modes frequencies being far beyond the frequencies accessible by x-ray intensity fluctuation spectroscopy, they contribute to a smooth broad scattering without any speckles [21] . Moreover, since close to T c , the CP q dependence has the same HWHM as the x-ray BC within 10% [16] , we suggest that the presence of speckles in the BC scattering is related to the neutron CP.
As in the case of the NC, two types of theories have attempted to account for the CP, either through intrinsic anharmonic effects or through a linear coupling of the soft mode to static (frozen) or slowly relaxing defects of appropriate symmetry [7] . The main objection against intrinsic scenarios has always been that a characteristic time scale in the MHz range [5] seems difficult to generate, starting from phonon frequencies in the THz or GHz range. The observation of very long-lived speckles on the BC only reinforces this argument. Concerning length scales, we find that the BC appears to be homogeneous on a 10 m scale, which implies that the defects involved in the CP are of a different nature than those which induce the NC. From neutron data, an estimation of the concentration c of CPactive impurities per unit cell [7] gives c 1: 2 10 ÿ5 . This corresponds to one impurity every 5000 nm 3 , a volume far smaller than our 10 m beam resolution. Moreover, the static character of the BC speckles favors the model of frozen cell defects linearly coupled to the order parameter [7, 26] . However, it does not rule out the additional presence of relaxing cell defects, whose contribution to the speckle patterns would be smoothed out by time averaging.
This study shows that CXD is a powerful tool in order to gain insight into unresolved issues near phase transitions, such as the neutron CP and the x-ray NC. By coupling a microbeam probe with a coherent beam, we demonstrate it is possible to disentangle the NC and the BC of the critical scattering, and to give evidence for the quasistatic character of both phenomena. These results are in favor of surface long-range order defects to explain the NC, and of frozen impurities to explain the CP.
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